The envelope protein of ecotropic murine leukemia virus (MuLV) is composed of two different subunits, surface (SU) glycoprotein (gp70) and transmembrane (TM) protein (p15E) (72, 73) . The SU subunit is responsible for virus binding to its specific receptor, murine cationic amino acid transporter (MCAT-1) (3, 32, 46, 68, 74) , and the TM subunit is involved in fusion between the viral membrane and the host cell membrane (4, 16, 22, 76, 77) . For the virus to infect target cells, it needs to deliver its genome into the cell either by fusion of the viral membrane with the plasma membrane or by fusion with the endosome membrane after endocytosis. Although the mechanisms of these entry pathways are poorly understood, previous studies suggest that human immunodeficiency virus (33, 38, 59 ), avian leukosis virus subgroup A (13) , and amphotropic MuLV (40) appear to enter cells by direct fusion on the cell surface following receptor binding, while vesicular stomatitis virus (VSV) (36, 61) and influenza virus (37) enter cells by endocytosis. In the latter case, following virus binding to receptor and internalization, low pH in the endosome triggers exposure of the fusion peptide (which resides at the N terminus of TM) to mediate fusion between the viral membrane and the endosome membrane, releasing the viral core into the cytoplasm (6, 7) . Low-pH-triggered fusion of the glycoprotein of VSV (VSV-G) (61) and influenza virus is inhibited by lysosomotropic agents that block endosomal acidification (28) .
Several lines of evidence support the idea that ecotropic MuLV enters cells by endocytosis. Ecotropic Moloney MuLV (MoMuLV) entry into NIH 3T3, SC-1, normal rat kidney, and Rat-1 cells is sensitive to lysosomotropic agents, suggesting that the MoMuLV entry is pH dependent (40) . Risco et al. (53) demonstrated by immunoelectron microscopy that both SU and TM of MoMuLV appear inside NIH 3T3 cells in differentsized vesicles after infection, which is consistent with the idea that MoMuLV infects NIH 3T3 cells through endocytic vesicles. Recently, it has been demonstrated that different cell lines require different components of host cell cytoskeleton for ecotropic MuLV entry (26) . Entry into NIH 3T3 cells and XC cells is greatly diminished by the disruption of the actin cytoskeleton before, but not shortly after, virus internalization, implying a critical role for actin in both cell lines in the early steps of ecotropic MuLV entry (26) . However, disruption of microtubules before and shortly after virus internalization markedly reduces entry into NIH 3T3 cells, while entry into XC cells remains efficient, suggesting that intact microtubules are required in a postpenetration step unique to efficient virus entry via endocytosis (26) . Taken together, these data indicate that ecotropic MuLV infects cells by endocytosis, but the specific entry pathway may differ in different cell lines. However, transformed cell lines, such as rat XC cells and NIH 3T3/DTras, are able to form syncytia after exposure to ecotropic MuLV at neutral pH (22, 27, 71) , and syncytium formation in XC cells is not inhibited by lysosomotropic agents (40) . In addition, Cterminal R-peptide-truncated MoMuLV can mediate syncytium formation even in nontransformed cell lines at neutral pH (49, 51) . Therefore, although the reported pH dependence and immunoelectron microscopy studies suggest an endocytic pathway for ecotropic MuLV infection, the possibility of direct membrane fusion is not excluded.
In general, receptors that are endocytosed can either be constitutively endocytosed or require ligand induction. At least five different endocytic pathways (the clathrin-mediated path-way, the caveola-mediated pathway, a clathrin-and caveolinindependent pathway, macropinocytosis, and phagocytosis) are known, and the clathrin-mediated endocytic pathway is the major and best characterized adsorptive pathway (17, 52, 57) . Clathrin is a cellular protein that is involved in receptor-mediated endocytosis and vesicle transport from the trans-Golgi network to the lysosome (54) . Some receptors, like transferrin receptor and low-density lipoprotein receptor, are constitutively concentrated in clathrin-coated pits, while epidermal growth factor (EGF) receptor requires ligand-induced activation for concentration in coated pits.
Several viruses have been shown to infect cells by the clathrin-mediated endocytic pathway. Semliki Forest virus (35) and VSV (61) were observed by electron microscopy infect cells by a clathrin-mediated endocytic pathway. Clathrin-coated vesicle budding from the plasma membrane and the trans-Golgi network requires dynamin (21, 39) . Dynamin, another component of clathrin-coated pits, is a member of the GTPase family that helps in pinching off the clathrin-coated pits from the plasma membrane. GDP-bound dynamin is randomly distributed in the clathrin-coated pits, and after GTP exchange followed by ligand binding to receptor, GTP-bound dynamin is concentrated around the neck of coated pits (20) to sever the coated pits and release the coated vesicle from the plasma membrane by using its GTPase activity (62) . In HeLa cells overexpressing the dominant-negative GTPase mutant of dynamin (lys 44 to ala 44 [K44A]), endocytosis of transferrin, EGF, and adenovirus by clathrin-coated pits is severely reduced (12, 70) .
There has been considerable effort to engineer ecotropic MoMuLV-derived envelopes to target different cell surface molecules. To engineer an efficient vector based on MoMuLV, it is helpful to understand the MoMuLV entry pathway that is mediated by its own receptor, MCAT-1 (1). Different endocytic pathways for different cell surface molecules have been studied either by using drugs that inhibit endosome acidification, by fluorescence, or by electron microscopy techniques (14, 15, 60, 63) .
To this end, we tagged MCAT-1 with green fluorescence protein (GFP) to monitor the MoMuLV receptor during virus entry. 293 cells stably expressing newly constructed MCAT-1-GFP (293/MCAT-1-GFP) and untagged MCAT-1 (293/ MCAT-1) were established. Using these cells, we conducted indirect immunofluorescence labeling followed by confocal microscopy to examine colocalization of receptor and SU, receptor and clathrin, and SU and clathrin. Our microscopy study shows that clathrin is colocalized neither with MCAT-1-GFP nor with SU, while the receptor is colocalized with SU during MoMuLV entry. Wild-type or K44A mutant dynamin overexpressing HeLa cells were engineered to stably express either MCAT-1 or MCAT-1-GFP to allow us to investigate the functional consequence of overexpression of mutant dynamin on MoMuLV transduction. The transduction efficiency of MoMuLV remained the same in both cells, indicating that MoMuLV entry is not regulated by dynamin. On the basis of these results, we conclude that MoMuLV entry does not depend on the clathrin-coated-pit-mediated endocytic pathway.
MATERIALS AND METHODS
Antibodies. Rat monoclonal antibody 83A25, which recognizes the C-terminal region of MuLV gp70 (SU), was provided by L. Evans (NIH Rocky Mountain Laboratories, Hamilton, Mont.). The following reagents were purchased: mouse monoclonal anti-clathrin immunoglobulin M (IgM) antibody CHC 5.9, which recognizes the clathrin heavy chain of coated vesicles (American Research Products, Inc., Belmont, Mass.); R-phycoerythrin (R-PE)-conjugated goat anti-rat IgG (HϩL) and Cy3-conjugated streptavidin (Jackson Immunoresearch Laboratories, Inc., West Grove, Pa.); anti-hemagglutinin (HA)-peroxidase (Boehringer Mannheim, Indianapolis, Ind.); biotinylated anti-rat IgG, biotinylated antimouse IgM ( chain specific), and fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgM ( chain specific) (Vector Laboratories, Burlingame, Calif.); and tetramethylrhodamine-conjugated transferrin (Molecular Probes, Eugene, Oreg.).
Plasmids. pJET and pcDNA3-W1IgG1 were provided by Lorraine M. Albritton (Memphis, Tenn.). pJET expresses an MCAT, and pcDNA3-W1IgG1 expresses an MCAT with an IgG1 epitope tag inserted into the PvuII site of the seventh extracellular loop. GFP expression plasmid pEGFP-N1 was purchased from Clontech (Palo Alto, Calif.). For the construction of MCAT-1 tagged with GFP at the C terminus (Fig. 1A) , a 2-kb BamHI-EcoRI fragment encoding MCAT-1 was obtained by restriction enzyme digestion of pJET and substituted for the analogous sequence in pcDNA3-W1IgG1. The resulting vector, pcDNA3-W1, was used for the construction of GFP-tagged MCAT-1 (pEFGP-N1W1). A BamHI site was generated at the C terminus of MCAT-1 in pcDNA3-W1 by using oligonucleotide primers 1 (GGCTTTTTACCGGTAGCCGAG) and 2 (CAACCGCTGTCACCCTGGTGGGTGGCCGTGCACGCGGATCCGCTTT GCACTGGTCCAAGTTGC (underlining indicates the BamHI site) (Fig. 1B) . The resulting 2-kb BamHI receptor fragment was inserted into the BamHI restriction site of the GFP expression vector (pEGFP-N1) in frame with the GFP sequence (Fig. 1B) . GFP fusion with MCAT-1 was confirmed by enzyme digestion and sequencing (data not shown).
Receptor mutants. All the receptor protein point mutants were constructed in the GFP-tagged MCAT-1 expression vector pEGFP-N1W1, using the PCRbased mutagenesis kit (QuickChange Site-Directed Mutagenesis Kit; Stratagene, La Jolla, Calif.). Two complementary mutagenic oligonucleotides containing single or double mutations were used to introduce mutations. Segments of amplified sequences that contain single or double mutations were completely sequenced and digested with convenient restriction enzymes and inserted into the analogous sequences in the parental vector pEGFP-N1W1. Mutants are designated by the amino acid in the wild-type receptor protein followed by the residue number and amino acid changed in the mutant protein. The amino acid residues are numbered from the N terminus of MCAT-1 after the signal peptide is cleaved.
Cell lines. 293 cells and NIH 3T3 cells were maintained in D10 medium, which is Dulbecco's modified essential medium (DMEM) (Cell Culture Core Facility, University of Southern California) supplemented with 10% fetal calf serum (Hyclone, Logan, Utah) and 2 mM glutamine (Gibco/BRL, Grand Island, N.Y.).
⌿2n␤g (#9) cells are ⌿2-derived ecotropic retroviral producer cells containing the pCn␤g vector (18) that expresses the nuclear ␤-galactosidase gene. ⌿2 cells were transduced with an amphotropic retroviral supernatant (titer, 10 6 CFU/ml) that contains a vector plasmid encoding a nuclear ␤-galactosidase gene and a G418 resistance gene. G418-resistant clones were screened by growing transduced ⌿2 cells in D10 medium containing 0.55 mg of G418/ml. Selected G418-positive clones were further examined for ␤-galactosidase expression by X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) staining procedures. After selection, cells were maintained in D10.
The stable HeLa cells, wild-type HeLa and K44A HeLa, which overexpress wild-type dynamin and a dominant-negative GTPase mutant of dynamin, respectively, were provided by Sandra L. Schmid (Scripps Institute, La Jolla, Calif.). HeLa cells were maintained in D10 medium containing 400 g of G418 (for selection for transactivator) (Gibco/BRL)/ml, 2 g of tetracycline (to suppress dynamin expression) (Sigma, St. Louis, Mo.)/ml, and 200 ng of puromycin (for selection for dynamin) (Sigma)/ml.
Binding and titer determinations. Binding was determined by a fluorescenceactivated cell sorter (FACS) assay performed as described previously (75) . Cells were suspended with trypsin-EDTA (Life Technologies, Grand Island, N.Y.), and a total of 5 ϫ 10 5 cells were incubated with 1 ml of MoMuLV vector supernatant (titer, 2 ϫ 10 7 CFU/ml) at 4°C for 2 h with gentle shaking. Cells were washed with 10% normal goat serum in 1ϫ Dulbecco's phosphate-buffered saline solution (PBS; Irvine Scientific, Santa Ana, Calif.). Cells were incubated with the antibody 83A25 at 4°C for 1 h and then with R-PE-conjugated goat anti-mouse IgG (HϩL) at 4°C for 30 min as primary and secondary antibodies, respectively. Following two washes, cells were resuspended with 4% paraformaldehyde in 1ϫ PBS and subjected to analysis by flow cytometry.
For titer determination on 293 cells, a total of 5 ϫ 10 5 cells were seeded in a 6-well plate and 24 h later, medium was replaced with 1 ml of serially diluted ⌿2n␤g (#9) supernatant containing Polybrene (8 g/ml; Sigma). After overnight incubation, viral supernatant was replaced with fresh D10 medium, and cells were stained for nuclear ␤-galactosidase expression 24 h later. For titer determination on 293T cells expressing mutant receptor, a total of 1.5 ϫ 10 6 293T cells in a 100-mm tissue culture dish were transfected with 30 g of receptor expression plasmid by the calcium phosphate procedure as described previously (45) . At 16 h after transfection, the DNA precipitate was removed and replaced with D10 medium for 24 h, after which transfected cells were replated in a 30-mm well of a 6-well tissue culture plate. Twenty-four hours later, the D10 medium was replaced with 1 ml of serially diluted ⌿2n␤g (#9) supernatant containing Polybrene (8 g/ml; Sigma). The cells were stained for nuclear ␤-galactosidase expression. For titer determination of HeLa cells, a total of 3 ϫ 10 4 cells were plated in a 6-well plate, and cells were incubated with medium either with tetracycline (to suppress dynamin expression) or without tetracycline (to induce dynamin expression) at 37°C for ϳ50 h. The cells were stained for nuclear ␤-galactosidase expression 24 h later.
Generation of stable 293 cells and HeLa cells.
To generate 293 cells stably expressing the wild-type untagged (pcDNA3-W1) or GFP-tagged (pEGFP-N1W1) MCAT gene, a total of 5 ϫ 10 5 293 cells were seeded on a 60-mm plate and transfected with 30 g of plasmid pcDNA3-W1 or plasmid pEGFP-N1W1 by calcium phosphate precipitation. pcDNA3-W1 and pEGFP-N1W1 encode the wild-type untagged or GFP-tagged MCAT gene (as well as a neomycin resistance gene), respectively. Transfected cells were cultured at 37°C in D10 medium containing 0.55 mg of G418/ml. G418-resistant clones were screened by FACS analysis and ␤-galactosidase staining for the ability to bind to and be transduced with ⌿2n␤g (#9). For the generation of GFP-tagged MCAT-expressing 293 cells, positive clones were further screened for GFP expression by using fluorescence microscopy. After selection, cells were maintained in D10 medium.
To generate wild-type and K44A HeLa cells stably expressing the wild-type untagged or GFP-tagged MCAT gene, 60-mm plates seeded with 5 ϫ 10 5 HeLa cells were cotransfected with a total of 30 g of plasmid pHR5 and pcDNA3-w1 or pEGFP-N1W1 by calcium phosphate precipitation. Plasmid pHR5 encodes a hygromycin resistance gene (provided by Gene Therapy Inc., Gaithersburg, Md.). Transfected cells were cultured at 37°C in D10 medium containing 400 g of G418/ml, 2 g of tetracycline/ml, 200 ng of puromycin/ml, and 0.55 mg of hygromycin (Calbiochem, La Jolla, Calif.)/ml. Hygromycin-resistant clones were screened by FACS analysis and ␤-galactosidase staining for their ability to bind to and be transduced with ⌿2n␤g (#9). For the generation of GFP-tagged MCAT-expressing HeLa cells, positive clones were further screened for GFP expression by using fluorescence microscopy. After selection, cells were maintained in D10 medium containing 400 g of G418/ml, 2 g of tetracycline/ml, and 200 ng of puromycin/ml.
Virus preparations using sucrose gradient centrifugation. MoMuLV vector supernatants were purified in the following way. Vector supernatants were collected and subjected to centrifugation for 16 h at 8,000 rpm (JA14 rotor; Beckman, Palo Alto, Calif.) at 4°C. The resulting pellets were collected in D10 medium and carefully loaded onto the top of a sucrose gradient (5 to 55% sucrose [wt/wt] in 1ϫ TNE [10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA; pH 7.2]) and centrifuged in an SW50 rotor at 30,000 rpm for 3 h at 4°C. The virus band was carefully removed by using an 18-gauge needle with a syringe and placed in a dialysis cassette (Slide-A-Lyzer 10K dialysis cassette; Pierce, Rockford, Ill.) for overnight dialysis against DMEM at 4°C with gentle agitation. For subsequent indirect immunofluorescence labeling and the transduction assay, fetal calf serum was added to the dialyzed virus to a final concentration of 10% to stabilize the recovered virus. To determine whether the virus was still intact, titer determination was carried out on NIH 3T3 cells by G418 selection (Gibco/ BRL). To do so, 3 ϫ 10 4 cells were plated in a 30-mm well of a 6-well tissue culture plate and 24 h later, medium was replaced with 1 ml of serially diluted purified virus containing Polybrene (8 g/ml). After overnight incubation, cells were selected for G418 resistance by growth for 10 days in D10 medium containing G418 (0.5 mg/ml). G418-resistant colonies were counted after methylene blue staining.
Indirect immunofluorescence labeling and confocal microscopy analysis. A 2-well glass chamber slide was coated with poly-L-lysine (Sigma) and laminin (Boehringer Mannheim). For immunofluorescence labeling of 293 cells, which stably express GFP-tagged MCAT (pEGFP-N1W1), for SU or clathrin, a total of 2 ϫ 10 5 cells were seeded into each well and grown at 37°C overnight. Before labeling, 37°C D10 medium was replaced with cold D10 medium and the chamber slide was transferred to 4°C medium for 8 min. Chilled cells were rinsed with cold PBS once and incubated with MoMuLV supernatant (titer, 1 ϫ 10 7 CFU/ml [multiplicity of infection, 30] versus 5 ϫ 10 6 CFU/ml [multiplicity of infection, 15] for crude virus supernatant versus purified virus, respectively) at 4°C for 2 h for binding. At the end of the incubation, cells were rinsed twice with cold PBS and incubated at 37°C with 37°C prewarmed D10 medium for different time periods. At the end of each incubation, cells were fixed with 3.7% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 in PBS for 5 min at room temperature (RT). PBS containing 3% bovine serum albumin and 5% goat serum was used for blocking. After blocking, cells were incubated with primary and secondary antibodies for 3 h (or overnight at 4°) and 1 h, respectively. The primary antibodies used were 83A25 for SU labeling or mouse monoclonal anti-clathrin IgM antibody CHC 5.9 for clathrin labeling. Secondary antibodies were biotinylated anti-rat IgG for 83A25 and biotinylated anti-mouse IgM ( chain specific) for mouse monoclonal anti-clathrin. Following washing with PBS five times at RT, cells were incubated with Cy3-conjugated streptavidin for 11 min at RT. After an additional 5 washings with PBS at RT, slides were mounted with mounting medium (Vectashield; Vector Laboratories).
Labeling was examined with a Zeiss LSM-2 laser scanning confocal microscope equipped with barrier filters for fluorescein and Cy3. A plan-neofluor 40ϫ (numerical aperture, 1.3) oil immersion objective was used for the imaging of fluorescence-labeled cells. Image analysis was performed by using the standard system operating software provided with the Zeiss LSM microscope (version 2.08). Regions of colocalization were generated by a digital overlay and appear yellow. Color photomicrographs were produced with a Sony printer connected to the video output of the microscope. For double immunofluorescence labeling of SU and clathrin of 293 cells stably expressing untagged wild-type MCAT, the labeling procedure was carried out sequentially, using antibody 83A25, biotinylated anti-rat IgG, and Cy3-conjugated streptavidin for SU labeling, and then anti-clathrin, FITC-conjugated anti-mouse IgM ( chain specific) for clathrin labeling.
Transferrin endocytosis in 293 cells. A 2-well glass chamber slide that was coated with poly-L-lysine (Sigma) and laminin (Boehringer Mannheim) was seeded with a total of 2 ϫ 10 5 293/MCAT-1-GFP cells on each well and grown at 37°C overnight. Before incubation of cells with transferrin, D10 medium at 37°C was replaced with cold D10 medium and the chamber slide was transferred to 4°C medium for 8 min. Chilled cells were rinsed with cold PBS once and incubated with tetramethylrhodamine-conjugated transferrin at 4°C for 2 h for binding. Cells were rinsed twice with cold PBS, 37°C prewarmed D10 medium was added, and the cells were incubated at 37°C for 30 min. The cells were then fixed with 3.7% paraformaldehyde for 15 min and rinsed with RT PBS, and slides were mounted with mounting medium (Vectashield). Slides were examined with a Zeiss LSM-2 laser scanning confocal microscope as described above.
Western analysis for dynamin expression. One-hundred-millimeter-diameter plates were seeded with wild-type or K44A HeLa cells and were maintained with or without tetracycline for ϳ50 h. Cells were collected by trypsinization and lysed with 250 l of lysis buffer (100 mM Tris-HCl [pH 7.4], 1% Triton X-100, 0.05% sodium dodecyl sulfate [SDS], 5 mg of sodium deoxycholate/ml, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride), and the protein concentration was determined by the Bradford protein assay (Bio-Rad, Hercules, Calif.). Next, 30 g of protein was loaded onto an SDS-8 to 16% polyacrylamide gel and electrophoresed. Then the gel was transferred to Immobilon-P (Millipore Corporation, Bedford, Mass.). After blocking overnight at 4°C in 5% milk-TBST (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Tween 20), the blot was incubated with 5 g of anti-HA-peroxidase at RT for 1 h and developed by using the ECL system (Amersham, Buckinghamshire, England).
RESULTS

Characteristics of GFP-tagged MCAT-1 (MCAT-1-GFP).
To study MoMuLV receptor (MCAT-1)-mediated MoMuLV entry, we tagged MCAT-1 with GFP at the C terminus (Fig. 1A) . A BamHI site was generated at the C terminus of MCAT-1 by oligonucleotide-directed PCR, and the BamHI-BamHI receptor fragment that encodes the whole MCAT-1 was subcloned into a GFP expression vector (pEGFP-N1) in frame (Fig. 1B) . To determine if the resulting GFP-tagged receptor (MCAT-1-GFP) behaves like wild-type untagged MCAT-1, MCAT-1 and MCAT-1-GFP were stably expressed in 293 cells (which do not express any endogenous MCAT-1). The resulting cell lines are called 293/MCAT-1 and 293/MCAT-1-GFP. 293/MCAT-1-GFP cells supported both wild-type binding and transduction ( Fig. 2A) . 293/MCAT-1-GFP cells displayed green fluorescence primarily around the cell membrane by UV absorption at 488 nm (Fig. 2B) .
MCAT-1-GFP was colocalized with MoMuLV SU during virus entry. By constructing MCAT-1-GFP, we obtained an ecotropic MuLV receptor that demonstrates green fluorescence and retains wild-type receptor function. To investigate receptor-mediated MoMuLV entry, we visualized virus envelope protein and examined its colocalization with receptor during virus entry by indirect immunofluorescence labeling and confocal microscopy analysis. MoMuLV vector was bound to 293/MCAT-1-GFP cells and incubated at 37°C for different time periods (0, 5, 15, and 30 min). At the end of each incubation period, 293/MCAT-1-GFP cells were immunostained for virus envelope protein SU by using monoclonal antibody 83A25, which recognizes the C terminus of MoMuLV gp70 (SU). We then analyzed the colocalization of MCAT-1-GFP and SU, which appears yellow, by digital overlaying of both images. As indicated by the faint red staining inside the cell after a 5-min incubation, SU protein started to appear inside the cell after a 5-min incubation at 37°C (Fig. 3) , and the stained SU protein was colocalized with MCAT-1-GFP inside the cell and at the cell surface. Also, significant membrane disturbance of the target cell was observed after a 5-min incubation at 37°C with MoMuLV vector (Fig. 3) .
The control (uninfected) samples stained after incubating cells with D10 medium alone (Fig. 3 ) or stained only with secondary antibody and Cy3-conjugated streptavidin after incubating the cells with MoMuLV vector (data not shown) did not demonstrate staining. 293 cells (which do not express any endogenous MCAT-1) did not stain for SU protein after incubation with MoMuLV vector for the same time periods (0, 5, 15, and 30 min) (data not shown). We also immunostained 293/MCAT-1-GFP cells with antibody 83A25 after incubation with virions containing D84K mutant envelope proteins (which are defective in binding to MCAT-1) (32) or with virions containing L493V or L445E mutant envelope proteins (which are fusion defective but maintain wild-type binding ability) (76, 77) . 293/MCAT-1-GFP cells incubated with virions containing the D84K mutant envelope showed no distinct or specific staining signals, even though Western analysis indicated the existence of viral particles in the viral supernatant (data not shown). On the other hand, cells incubated with virions containing L493V or L445E mutant envelope showed the same staining pattern as wild-type MoMuLV vector, i.e., SU protein colocalized with MCAT-1-GFP inside the cell and at the cell surface (data not shown). These data establish that the SU label is ascribed to the envelope proteins that bind to MCAT-1-GFP on the cell surface and inside the cell and that MoMuLV entry is specifically mediated by MCAT-1-GFP.
To examine the time course of virus-receptor interaction within the cell, we extended the 37°C incubation period to 10 h. SU labeling gradually disappeared with longer incubation times and completely disappeared after 7 to 10 h of incubation (Fig. 4) . At all time points, the SU protein colocalized with MCAT-1-GFP.
Colocalization of MCAT-1-GFP and SU using sucrose gradient-purified virus. The vector supernatants used for the experiments described above were crude mixtures that contain viral particles, shed gp70, and membrane pieces with envelope proteins. To exclude the possibility that the resulting SU label was from the shed gp70 and membrane pieces with envelope proteins, we prepared virions that were purified by sucrose gradient centrifugation. Consistent with the data obtained with unpurified supernatants, SU labeling by using sucrose gradient-purified virus showed that SU protein started to appear inside the cell after 5 min of incubation at 37°C, and it was colocalized with MCAT-1-GFP inside the cell and at the cell surface (Fig. 5) . To ensure that the purification process did not damage the virus's transduction ability, we determined titers on NIH 3T3 cells by using aliquots of gradient-purified virus. The viral titers remained comparable before and after the purification procedure (1 ϫ 10 7 versus 5 ϫ 10 6 ). No colocalization of clathrin and MCAT-1-GFP during MoMuLV entry. The clathrin-mediated endocytic pathway is the best studied absorptive pathway and is needed by many cell surface molecules. It has also been demonstrated by electron microscopy and pH dependence assays that several viruses (i.e., influenza virus, VSV, and Semliki Forest virus) infect their target cells through a clathrin-mediated endocytic pathway (19, 37, 61) . To investigate whether MoMuLV enters target cells by a clathrin-mediated endocytic pathway, we immunostained 293/MCAT-1-GFP cells for clathrin. 293/MCAT-1-GFP cells were bound with MoMuLV vector and incubated at 37°C for different time periods (0, 5, 15, and 30 min). Cells were stained for clathrin by using monoclonal antibody CHC 5.9, which recognizes clathrin heavy chain. Colocalization of MCAT-1-GFP and clathrin during MoMuLV entry was analyzed by digital overlaying of images. We observed membrane disturbance of the target cell after a 5-min incubation at 37°C that was similar to what we observed with SU staining (Fig. 6) . However, unlike the SU staining, no significant colocalization of MCAT-1-GFP and clathrin was observed during these time periods (Fig. 6) , suggesting that clathrin is not involved in MoMuLV entry. When incubated with D10 medium alone (Fig. 6) , 293/MCAT-1-GFP cells showed a characteristic peripheral punctate pattern of plasma membrane clathrin-coated pits and perinuclear staining, which is consistent with the staining pattern of clathrin described in the literature (5, 14, 23) .
No colocalization of clathrin and SU during MoMuLV entry. The above experiments demonstrate that MoMuLV entry is mediated by its receptor but suggest that clathrin is not involved. To confirm this conclusion and to test whether the GFP moiety at the C terminus of MCAT-1-GFP affects MoMuLV entry, we carried out double labeling for SU and clathrin in 293/MCAT-1 cells. Since 293/MCAT-1 cells do not express GFP, both SU and clathrin can be stained and visualized in the same cell with different colors of fluorescence, red (Cy3) and green (FITC), respectively. We analyzed the direct colocalization of SU and clathrin by digital overlaying of images. Consistent with the results obtained with 293/MCAT-1-GFP cells, SU protein began to appear inside the cell after a 5-min incubation at 37°C (Fig. 7) . No colocalization of SU and clathrin was observed (Fig. 7) , which is also consistent with the staining results of clathrin in 293/MCAT-1-GFP cells. These data indicate that clathrin is not involved in MCAT-1-mediated MoMuLV entry and that the C-terminal GFP moiety does not appear to influence viral entry.
cells are competent for clathrin-mediated endocytosis.
Having demonstrated that clathrin is not colocalized with MCAT-1-GFP nor with MoMuLV SU during virus entry, we next examined whether these 293 cells have a competent clathrin-mediated endocytic pathway. Transferrin is a well-studied ligand that is endocytosed by the clathrin-coated-pit pathway. We examined the entry of transferrin and compared it with that of MoMuLV SU. Tetramethylrhodamine-conjugated transferrin was efficiently internalized into 293/MCAT-1-GFP cells during a 30-min incubation at 37°C (Fig. 8, left panel) . Furthermore, the entry pattern reflected the characteristic punctate pattern of clathrin (5, 14, 23) . Finally, compared to the staining pattern of MoMuLV SU after a 30-min incubation (Fig. 8, right panel) , a substantial amount of SU protein was still present at the cell surface, while a majority of transferrin was internalized after 30 min at 37°C (Fig. 8) . 293/MCAT-1 cells were also shown to be competent for clathrin-mediated endocytosis by the transferrin entry study (data not shown).
MoMuLV can transduce HeLa cells overexpressing a GTPase mutant of dynamin. To further investigate whether clathrin is functionally critical for MoMuLV entry, we used HeLa cells that are defective in the clathrin-mediated endocytic pathway (K44A HeLa; lys 44 to ala 44 ) to analyze the transduction ability of the MoMuLV vector. K44A HeLa cells are defective in the clathrin-mediated endocytic pathway by overexpression of a dominant-negative GTPase mutant of dynamin (K44A) (12, 30, 70) .
We performed Western analysis to examine the overexpression of wild-type and K44A mutant dynamins. Wild-type and mutant dynamins were detected in the corresponding HeLa cells (wild-type HeLa versus K44A HeLa) without tetracycline, as shown in Fig. 9 . Then, we stably expressed MCAT-1 or MCAT-1-GFP in these HeLa cells. MCAT-1-expressing stable cells (wild-type HeLa/MCAT-1 versus K44A HeLa/MCAT-1) were selected by FACS analysis and X-Gal staining. MCAT-1-GFP-expressing cells (wild-type HeLa/MCAT-1-GFP versus K44A HeLa/MCAT-1-GFP) were selected by FACS analysis, X-Gal staining, and fluorescence microscopy analysis (data not shown). There was no significant titer difference, (2.7 Ϯ 1.4) ϫ 10 7 versus (1.8 Ϯ 0.9) ϫ 10 7 , between wild-type HeLa/MCAT-1-GFP and K44A HeLa/MCAT-1-GFP cells when transduced with MoMuLV vector (Table 1) . However, with VSV-G pseudotyped MoMuLV vector, the titer on K44A HeLa cells was 2.5 logs lower than that of wild-type HeLa, (7.5 Ϯ 1.1) ϫ 10 2 versus (3 Ϯ 0.9) ϫ 10 5 , suggesting that the MoMuLV entry pathway is different from the VSV entry pathway and that a clathrin-coated-pit-mediated endocytic pathway is not responsible for MoMuLV transduction. We obtained similar results from wild-type HeLa/MCAT-1 and K44A HeLa/MCAT-1 cells, which also confirmed that the GFP moiety at the C terminus of MCAT-1-GFP does not affect the entry pathway of MoMuLV. Dynamin overexpression at the time of transduction by MoMuLV vector and VSV-G pseudotyped MoMuLV vector was confirmed by indirect immunofluorescence labeling of dynamin by using the same monoclonal antibody that was used for Western analysis (data not shown). We also observed no significant titer difference for either MoMuLV vector or VSV-G pseudotyped MoMuLV vector when HeLa cells were incubated with tetracycline to suppress dynamin overexpression (Table 1) , which further confirms dynamin overexpression without tetracycline in HeLa cells.
Disruption of putative internalization signal for clathrincoated-pit-mediated endocytic pathway in the receptor protein does not affect transduction by MoMuLV. Previous mutagenesis studies of transmembrane receptors suggest the existence of an "internalization signal" in the intracellular region. Various motif structures, such as NPX(1-4)Y, YXRF, YXXл (л is a bulky hydrophobic residue), dileucine, etc., have been identified for this role (8, 25, 31, 64, 69) . We localized a putative NPX(1-4)Y motif structure (amino acids 425 to 431) and a putative YXXл motif structure (amino acids 434 to 437) in the intracellular region of MCAT-1 and disrupted the motif structures by mutating tyrosine residues to alanine ( Table 2) . We constructed mutant receptor proteins with either a singlepoint mutation (Y425A or Y434A) or a double-point mutation (Y425A/Y434A). 293T cells transiently transfected with cDNA expressing mutated receptors with either a single or a double mutation were able to be transduced by ecotropic retroviral vectors, as were cells expressing wild-type MCAT-1 ( Table 2) .
DISCUSSION
Data from this study indicate that MCAT-1-mediated MoMuLV entry can occur independent of the clathrin-coated- pit-mediated endocytic pathway. Based on immunofluorescence analysis, we have shown that clathrin is not involved in MoMuLV entry. Moreover, biochemical analysis demonstrated that the transduction ability of MoMuLV vector is not regulated by dynamin expression. In addition, disruption of a putative internalization signal in MCAT-1 did not affect the transduction ability of the MoMuLV vector.
The endocytic pathways of different ligands and cell surface molecules have been studied by indirect immunofluorescence labeling and confocal microscopy using antibodies that are specific to ligands, cell surface molecules, or cellular markers that reside in different stages of endocytic vesicles (14, 15, 60, 63) . Since generating antibody specific to MCAT-1 or extracellular epitope-tagged receptor that retains wild-type receptor function has not been successful, we constructed GFP-tagged MCAT-1 (MCAT-1-GFP), which retains wild-type receptor function, to monitor MCAT-1 during MoMuLV entry. 293/ MCAT-1-GFP cells showed bright green fluorescence primarily around the cell membrane and some inside the cell. Even though the green fluorescence inside the cell was not thoroughly analyzed, it has been shown by others (36a) that some labeled receptor protein is in the Golgi compartment.
By indirect immunofluorescence labeling followed by confocal microscopy analysis, we observed that, in both 293/ MCAT-1 and 293/MCAT-1-GFP cells, small portions of MoMuLV SU label started to appear inside the cell after a 5-min incubation at 37°C and then gradually increased. When the 37°C incubation time period was prolonged, we observed that complete disappearance of SU labels inside the cell and on the cell surface took 7 to 10 h, which is consistent with the results of previous studies by Andersen and Nexø (2). They have shown that when lysates of 3T3 cells infected with Btropic virus C57MC were separated by electrophoresis on SDS-polyacrylamide gel and analyzed by autoradiography, virus protein gp70 could be detected from the infected cells at up to 7 to 12 h of incubation at 37°C. In addition, in our study, colocalization of the receptor and the SU protein was also observed for the whole time (7 to 10 h), suggesting that the envelope protein, after binding, remains in contact with receptor inside the cell for an extended time and is recognized by specific antibody.
Even though the intracellular SU label appears to increase over the 37°C incubation time period, it is also true that substantial amounts of SU label colocalized with receptors is still present at the cell surface even after a 30-min incubation. This finding could be used to support the counterhypothesis that MoMuLV enters cells through direct membrane fusion. The significance of these populations of SU proteins in MoMuLV entry requires further investigation.
Immunofluorescence labeling and confocal microscopy analysis with purified virions (to exclude the staining of shed gp70 and membrane pieces containing envelope) gave the same results as the unpurified crude supernatants. A study by Yu et al. (75) showed that the anti-SU antibody used in our immunofluorescence labeling (83A25) could not recognize purified gp70. Taken together, these data indicate that the SU labels we observed in our study are not from shed gp70.
For biochemical analysis of MoMuLV entry, we used HeLa cells (K44A HeLa) overexpressing a dominant-negative GTPase mutant of dynamin, K44A. Dynamin, a 100-kDa GTPase, is a component of clathrin-coated pits that helps the formation of constricted clathrin-coated vesicles. Dynamin is the mammalian homologue of the Drosophila shibire gene product (9, 65) . Mutations in shibire cause a defect in endocytosis, leading to the accumulation of clathrin-coated pits on the cell membrane (29, 67) . Similarly, invaginated clathrin-coated pits accumulate on the surfaces of K44A HeLa cells overexpressing a dominant-negative GTPase mutant of dynamin (12, 66, 67) , even though receptors on the cell surface can still bind to their ligands, establishing that dynamin is required for clath- rin-coated-vesicle formation. In these HeLa cells, clathrincoated-pit-mediated endocytosis of transferrin and EGF is blocked Ͼ80% and Ͼ60%, respectively (12) . Using K44A HeLa cells, adenovirus (70) as well as ligands such as transferrin and EGF have been shown to utilize the clathrin-mediated endocytic pathway for receptor-mediated entry. In our study, both wild-type HeLa and K44A HeLa cells expressing MCAT-1 and MCAT-1-GFP demonstrated comparable binding and transduction ability by the MoMuLV vector, suggesting that dynamin is not critical for MCAT-1-mediated MoMuLV entry. Interestingly, while the mutant dynamin expression could significantly inhibit the transduction ability of VSV-G vector, the transduction ability was not completely abolished. Previous studies by Damke et al. (11) and Wang et al. (70) using the same HeLa cells to study the clathrin-mediated endocytosis of transferrin, EGF, and adenovirus infection demonstrated that ligand internalization and virus infection in these cells were not completely inhibited, suggesting the existence of an alternative pathway(s) (30) . Since the transduction ability of the MoMuLV vector did not give a significant difference in HeLa cells expressing wild-type or mutant dynamin, MoMuLV may utilize this alternative pathway(s) for infection. Further studies to characterize these alternative pathways and their possible role in MoMuLV entry are necessary. Finally, we cannot exclude the possibility of an incomplete inhibition of endogenous dynamin by the overexpressed dominant-negative mutant form of dynamin in HeLa cells.
For transmembrane receptors that are endocytosed by the clathrin-coated-pit-mediated pathway either constitutively or by ligand activation, the intracellular region or C terminus of the receptors has been shown to be important for recruiting receptors into the clathrin-coated pits and for subsequent sorting to different stages of cellular trafficking within the cell (34, 42, 64) . Mutagenesis studies of transferrin, EGF, and several G-protein-coupled multitransmembrane receptors support the idea of the existence of an internalization signal. Tyrosinebased motif structures are shown to bind in vitro with AP-2 protein (25, 50), a component of clathrin-coated pits. Separate domains of AP-2 protein can bind to clathrin and to some internalization signals, thereby allowing AP-2 protein to recruit transmembrane receptors and clathrin into the clathrincoated pits. We constructed mutated receptors whose putative internalization signal for the clathrin-coated-pit-mediated endocytic pathway is disrupted. 293T cells expressing mutated receptors were able to be transduced by ecotropic retroviral vectors, as were cells expressing wild-type MCAT-1, demonstrating that the two tyrosine-based motifs in MCAT-1 do not play a significant role in MoMuLV transduction. These data further suggest that MoMuLV entry does not involve a clathrin-coated-pit-mediated endocytic pathway but the potential role of the two tyrosine-based motifs in MCAT-1 distribution or function requires further investigation. In addition, since we did not test every putative internalization signal of MCAT-1, further investigations will be needed to determine if there is an internalization signal in the intracellular region of MCAT-1 or the possibility of direct membrane fusion for MoMuLV entry.
Even though the clathrin-coated-pit-mediated endocytic pathway has been recognized as the best characterized adsorptive pathway so far, the discovery of non-clathrin-coated invaginations of the plasma membrane, caveolae, suggests that there is more than one pathway in the cell that can participate in cellular trafficking. Caveolae are specialized microdomains (55) that can also be located by immunolabeling the marker protein caveolin (43) , and caveolae structures can be reconstituted in a cell-free system (55, 56) . Originally, caveolae were postulated to play a role in transcytosis of molecules in polarized cells, but more recent work suggests that caveolae may also mediate receptor-mediated endocytosis. Caveolae appear to be involved in vesicular transport of toxins (44) , ligands bound to GPI-anchored protein (47, 48) , viruses (24) , and seven-transmembrane surface proteins (55) . Interestingly, immunohistochemistry of porcine pulmonary artery endothelial cells demonstrates the colocalization of cationic amino acid transporter (CAT-1) with caveolar structures (41) . Therefore, although it is not clear whether CAT-1 and MCAT-1 utilize the same mechanism for amino acid transport and virus entry, FIG. 9 . Western analysis of the wild-type and the dominant-negative GTPase mutant of dynamin (K44A) by inducible expression in stably transformed HeLa cells. Wild-type dynamin-overexpressing HeLa cells (WT HeLa) and dominantnegative GTPase mutant of dynamin-overexpressing HeLa cells (K44A HeLa) were cultured in the presence (ϩ tet) or absence (Ϫ tet) of tetracycline for 50 h to suppress or induce dynamin expression, respectively. Cell lysates were separated on SDS-11 to 14% polyacrylamide gel under reducing conditions. After transfer to Immobilon-P, the blot was probed with anti-HA-peroxidase. respectively, it is still attractive to speculate that caveolae may play a role in ecotropic MuLV entry. However, a detectable amount of caveolin expression and morphologically identifiable caveolar structures are enriched only in certain cell types, such as lung endothelial and polarized cells (55) . In addition, endothelial cells change phenotypically when isolated and grown under culture conditions that lead to a 10-fold-lower level of caveolae in vitro (55) . Furthermore, it should be noted that not all non-clathrin-coated invaginations observed on the plasma membrane are caveolae. Non-clathrin-coated and noncaveola-coated invaginations that pinch off to form smooth vesicles carrying the fluid-phase marker horseradish peroxidase into cells have been extensively characterized in a number of cell types (30) .
Ecotropic MoMuLV-derived retroviral vectors have been engineered to target different cell surface molecules for use in gene therapy. Modifications of the SU region of MoMuLV have been introduced by insertion or replacement with a single-chain antibody or ligand that is specific to a cell surface antigen or receptor (10, 58) . Most of these targeted virions retained wild-type binding ability for their specific receptor or cognizant cell surface molecule but demonstrated very low or no transduction ability, suggesting the existence of a postbinding block in the engineered vectors (10, 58) . These data indicate that retroviruses require specific properties of cell surface molecules to allow the release of viral cores into the cytoplasm. Further investigations to elucidate the details of the MCAT-1-mediated MoMuLV entry pathway are needed. These strategies will be helpful in designing better MoMuLV-based targetable retroviral vectors for gene therapy. Wild type 4 ϫ 10 6 a Mutants are identified by the residue in the wild-type receptor protein, followed by its position and the substituted amino acid residue.
b Titers were averaged from at least two independent experiments and are expressed as mean numbers of ␤-galactosidase-expressing colonies.
c The locations of receptor mutants Y425A and Y434A are indicated by the first and second boldface letters, respectively, in the sequence LRYQPEQPN-LVYQMARTTEELDRVDQNELVSASESQTGFL.
